While a good vaccine against yellow fever (YF) virus has been available for decades, the basic technology for the production of YF vaccine in chicken embryos has remained substantially unchanged since the 1940s. Here we describe the highly efficient and economic production of the 17DD strain of YF virus in chicken embryo fibroblast (CEF) cell cultures with viral titers ranging from 6.3 to 6.7 log 10 PFU/mL. Thermostability of two different formulations (5 and 50-dose vials) of the CEF vaccine virus was found to be as high as the current vaccines retaining the minimal titer required for YF 17D vaccines. The production passage in CEF did not lead to the selection of genetic variants as shown by nucleotide sequence analyses of the CEF-derived vaccine lots or the sequence of viruses recovered from monkeys experimentally inoculated with the CEF virus. YF 17DD virus produced in CEF was also indistinguishable from its seed lot virus parent in terms of plaque size and immunogenicity in mice and monkeys. Comparison of the CEF virus and the seed lot virus made in chicken embryo in the internationally accepted monkey neurovirulence test (MNVT) revealed a higher clinical score for the former. The differences in central nervous system (CNS) histological scores for monkeys inoculated with the chicken embryo and experimental CEF vaccines were at the borderline level of statistical significance. These data warrant further studies on the monkey attenuation of other batches of CEF-derived vaccines.
Introduction
While a good vaccine against YF has been available since the late 1930s the basic technology for its production in chicken embryos has remained substantially unchanged. Some improvements, such as elimination of the avian leucosis virus complex and increased thermostability have been made in recent years [1] . This vaccine nevertheless, still contains more foreign protein than any other live virus vaccine (up to 250 g of chicken embryo protein per human dose) and the need for large numbers of whole eggs, and large amounts of seed virus to inoculate these eggs introduce limitations into expanding production of this important vaccine. Therefore, new production technology would be important to provide an improved product on a sufficient scale to meet the demands of routine vaccination in endemic areas and the control of potential epidemic situations.
The 17DD yellow fever vaccine has been produced at the Oswaldo Cruz Foundation since 1936. The current whole chicken embryo product meets all World Health Organization (WHO) requirements [2] and is free of the avian leucosis virus complex [3] . A meeting was held in the Pan American Health Organization (PAHO) to develop guidelines for the production of yellow fever vaccine in cell cultures [4] . Following this meeting, work on the development of a cell culture vaccine was initiated in Bio-Manguinhos. By 1988 a cell culture vaccine had been produced and tested with satisfactory results in all assays including monkey neurovirulence test (MNVT) [5, 6] . Subsequently, this process was found to be not feasible since large amounts of costly seed virus were required to obtain acceptable yields. Developmental studies were restarted in 1996 and here we describe the economically and efficient production of YF 17DD virus in primary cultures of chicken embryo fibroblasts (CEF) and describe the phenotypic and molecular characteristics of the resulting virus.
Materials and methods

Cells
Vero cells (ATCC, CCL 81) were maintained in Medium 199 with Earle's salts (E199), buffered with sodium bicarbonate and supplemented with 5% fetal bovine serum (FBS) and antibiotics.
Preparation of chicken embryo fibroblast cultures and production of experimental vaccine lots of YF 17DD virus
Eleven-day-old chicken embryos are removed from specific pathogen free (SPF) eggs and the head and viscera dissected out. The tissue is then washed with PBS, extruded and treated with trypsin to give a monodisperse cell suspension [7] . Cells are then seeded into roller bottles in 199 medium with FBS. This serum was obtained from Cultilab (Brazil), it was not irradiated but heat-inactivated prior to use. Its quality control was performed by our QC Department and included several adventious agents. Bottles were incubated at 37 • C with rotation at 15 rph. After a 24 h incubation, medium is removed and the cells infected with the 102/84 seed virus used for production of 17DD vaccine in eggs at constant multiplicity of infection (moi) of 0.002 by adsorption at 37 • C for 1 h. Following the adsorption, bovine serum concentration was reduced to <1 part per million by washing the CEF monolayers twice with Earle's BSS prior to addition of 199 medium without FBS. Virus is harvested at 48 h post infection, clarified and frozen to −70 • C. Viruses were recovered by pooling the medium present in every three roller into a centrifuge tube and spinning at low speed to remove cellular debris. The supernatant was aspirated into flasks containing a stabilizer formulation at a 1:1 ratio and frozen by rotating on an ethanol dry ice bath after removal of all quality control aliquots. The same stabilizer used to formulate the five-dose commercial egg-produced YF 17DD vaccine was also added to the cell culture-produced virus. It consists of hydrolysed gelatin, sugar and amino acids. All viruses are stored as indicated. Quality control tests for this product have been conducted according to WHO minimal requirements for mumps [8] and other vaccines produced in chicken embryo cells in addition to those tests specific to yellow fever [2] .
Viruses
The passage history of YF 17DD strain and the derivation of the 102/84 seed lot has been previously described [9] . The YF 17DD vaccine lots used in this study are licensed for human immunization and the experimental vaccine lots produced in CEF (YFCEF-01-07) cultures are at passage level 286. The 102/84 seed virus present in the original vials and at passage level 285 was reconstituted in 0.5 mL of sterile water as specified by the manufacturer (FIOCRUZ/BioManguinhos, Rio de Janeiro, Brazil) and used to inoculate primary CEF cultures as described above (moi of 0.002).
Viruses recovered from monkey sera (R5 and Q15) were passaged once in Vero cells at a multiplicity of infection (moi) of 0.1-1.0 PFU/cell and cell culture supernatant harvested at 3-4 days post infection (p.i.). There was extensive cytopathic effect (CPE) on the cell monolayers and the supernatants were the source of virus for RNA extraction. Virus titration and plaque size determination were carried out on Vero cells as described elsewhere [10] .
Thermostability assay
Three freeze-dried vials of each experimental batch and the control vaccine were incubated at 37 • C for 2 weeks. The virus concentrations were determined using virus plaquing on Vero cells having as control the unheated vaccine. The average titers of the three vials exposed or not to the test temperature were used to calculate thermodegradation.
Neutralization assay
Antibody titers were determined by 50% plaque reduction neutralization test on Vero cells. For monkey sera the plaque reduction neutralization test (PRNT) was conducted in serial four-fold dilutions starting at 1:16 in six-well tissue culture plates [11] . For mice, PRNT assays were carried out on Vero cells in 96-well plates, as described elsewhere [12] . Results were also expressed in milli international units per milliliter (mIU/ml) using a reference preparation of monkey yellow fever serum containing 14,300 mIU/ml (Copenhagen Serum Institute). Although this unit system is not frequently used in the literature to express yellow fever neutralizing antibody titers, we provide the data as such to enable our results to be compared with those from other laboratories using a standardized unit system.
Complementary DNA synthesis, amplification and sequencing
Virus samples from test monkeys were obtained during viremia periods and passaged once in Vero cell cultures for amplification of virus titers (see above). Total RNA was extracted from the media of infected cell cultures with TRIzol ® LS reagent (Invitrogen) using 20 g of glycogen as carrier. RNA of the inoculum virus was obtained directly from the original test inoculum, which was diluted from CEF cultures to a titer of 100,000 PFU/mL.
Complementary DNA synthesis (RT) and amplification (PCR) were performed using a GeneAmp RNA PCR kit and a GeneAmp 9600 instrument (Applied Biosystems). RT-PCR amplification of viral genomic regions was performed essentially as described previously [13] . A total of 11 RT-PCR fragments were designed comprising nucleotides 1-1066, 940-1799, 1641-2639, 2361-3387, 3004-4286, 4181-5071, 4980-6325, 6102-7272, 7162-8420, 8302-9586 and 9425-10862, within which numerous internal primers were positioned on both cDNA strands for the overlapping sequencing reactions. Nucleotides were numbered and primers were designed after the yellow fever 17D vaccine strain sequence ( [14] ; GenBank accession no. X03700, formerly no. K02749). Amplification products were further purified from excess primers with silica-based purification kits (QIAGEN). The purified products were sequenced directly without molecular cloning. Nucleotide sequencing reactions were performed with the BigDye terminator mix version 2.0 (Applied Biosystems) according to the manufacturer's recommendations. Electrophoresis of fluorescent products was performed in an ABI PRISM 3100 instrument (Applied Biosystems). Nucleotide sequences were analyzed using Chromas software version 1.45 (Technelysium) and a consensus sequence for each virus genome was derived from contiguous sequences using SeqMan II software from Lasergene package version 4.05 (DNAStar).
Animal studies
Studies were conducted using a protocol approved by the Institutional Committee of Animal Care and Experimentation (CEUA-FIOCRUZ: P0112/02).
Mice
Groups of 3-week-old Swiss Webster mice were inoculated by the intracerebral (i.c.) route with serial 10-fold dilutions (in 30 L) of YF 17DD vaccine (lot number 035VFA035P), YFCEF-03, R5 and Q15 viruses. Viruses were diluted in complete 199 culture medium and the inoculum was back-titered immediately after the challenge procedure. Animals were monitored for 21 days and deaths recorded. Moribund animals were euthanized by exposure to carbon dioxide. The MLD 50 [15] was calculated taking into account the cumulative death rates for each dilution that together with the titers in PFU originated from back titration to establish the amount of virus (in PFU) required to kill 50% of the mice. Linear regression analysis was used to infer the 50% end-point.
Kaplan-Meier curves were drawn and log rank test was used to calculate the statistical significance of the difference between the groups. The Kruskal-Wallis non-parametric test was used to analyze the significance of difference in average survival times. All tests above were done using Stata 7.0 software (Stata Corp., College Station, Texas, 2002) .
For immunogenicity studies, 3-week-old Swiss Webster mice (Mus musculus) were immunized by the subcutaneous (s.c.) route with one dose of 0.1 mL of complete 199 culture medium containing 10 5 PFU of YF 17DD virus. Mice were bled from the retro-orbital plexus before immunization and twice after immunization with 2-week intervals. Neutralizing antibody titers were determined on individual sera. Challenge was carried out 45 days after immunization by i.c. inoculation of YF17DD vaccine virus (lot number 035VFA035P). Mortality and average survival time were scored for 21 days.
Monkeys
Two groups of 10 captive-bred healthy rhesus monkeys (Macaca mulatta), 12 male and eight female, weighing 2430-3600 g were obtained from the Primatology Department of the Breeding Center for Laboratory Animals of the Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, RJ, Brazil. Each animal was kept in a separate cage under controlled environmental conditions (temperature 20-22 • C, relative humidity ∼60% and 12 h of artificial light and 12 h of darkness). Animals were fed twice daily with monkey chow supplemented with fresh fruits and allowed water ad libitum. All monkeys were shown to be free of YF neutralizing antibodies by PRNT assay. Virus inoculation, viremia, seroconversion, clinical observation, necropsy and histological examination have been previously described [11, 13] .
Virus inoculation
All monkeys were anaesthetized by intramuscular injection of ketamine hydrochloride (20 mg/kg body weight) and inoculated with 0.25 mL of viral suspension by the intracerebral (i.c.) route into the right frontal cortex by making an incision through the skin about 2.5 cm above the middle of the right superior orbital ridge and a hole was drilled through the skull. Virus solution was inoculated into the frontal lobe using a 1 mL syringe fitted with a 25-gauge × 5/8 needle.
The viral inocula were back titrated by plaque assay on Vero cells. Yellow Fever secondary seed lot (YFV 17DD 102/84) dose was 24,807 mouse LD 50 /0.25mL. YF 17DD CEF03 virus dose was 16,080 mouse LD 50 /0.25mL.
Viremia
Blood samples for the determination of viremia were collected on days 2, 4 and 6 after inoculation. Serial dilutions (1:3, 1:30, 1:300) of each monkey serum were titered by plaque assay on Vero cell monolayers (10 5 cells/cm 2 ) with 3.5% carboxymethylcellulose as overlay in six-well plates.
One hundred microliters of virus suspension was inoculated per well with four-well per dilution.
Seroconversion
Antibody titers were determined by a 50% plaque reduction test on Vero cells (Stefano et al. [12] ).
Clinical observation
Monkeys were observed for 30 days and rectal temperature recorded daily. Temperature equal or greater than 40.0 • C was considered elevated. Records of clinical observation were obtained using the following signs: grade 1 = rough coat, not eating; grade 2 = high-pitched voice, inactive, slow moving; grade 3 = shaky movements, tremors, uncoordinated movement, limb weakness; grade 4 = inability to stand, limb paralysis or death. A monkey that dies receives the score "4" from the day of death until day 30.
Necropsy and histological examination
All 20 animals were submitted to full necropsy at the end of the observation period. They were sacrificed by exsanguination under deep anaesthesia. Serum samples were collected to determine anti-YFV antibodies by plaque-reduction neutralization-assay.
Five levels of the brain and six levels of each of the lumbar and cervical enlargements were examined. Brain levels included: block I, the corpus striatum at the level of the optic chiasma; block II, the thalamus at the level of the mamillary bodies; block III, the mesencephalon at the level of the superior colliculi; block IV, the pons and cerebellum at the level of the superior olives; block V, the medulla oblongata at the mid-level of the inferior olives.
Numerical scores were given to each hemisection of the cord and to structures in each hemisection of the brain. Lesions were scored according to the following grading system: (1) (minimal), 1-3 small, focal inflammatory infiltrates, a few neurons may be changed or lost; (2) (moderate), more extensive focal inflammatory infiltrates, neuronal changes or loss affects no more than one-third of neurons; (3) (severe), neuronal changes or loss of 33-90% of neurons, with moderate focal or diffuse inflammatory infiltration; (4) (overwhelming), more than 90% of neurons are changed or lost, with variable, but frequently severe, inflammatory infiltration.
Three separate scores were calculated for each monkey: discriminator areas only, target areas only, and discriminator plus target areas Levenbook et al. [27] . The target area is the substantia nigra whereas the discriminator areas include the caudate nucleus, globus pallidus, putamen, anterior and medial thalamic nucleus, lateral thalamic nucleus, cervical and lumbar enlargements. A final neurovirulence score is given by the combination of the scores of both areas (combined score).
Overall mean scores were calculated for each group of monkeys as the arithmetic mean of individual monkey scores for discriminator areas only and for discriminator plus target areas. For the histological criterion of the neurotropism test to be satisfied both overall mean scores for the test monkeys shall not be significantly greater (at the 5% significance level) than the overall mean scores for the monkeys injected with reference virus.
Results
Production of YF 17DD virus in primary CEF cultures
Despite the advantages of using certified SPF-CEF cells to produce vaccine viruses, such as YF, measles and mumps, it is frequently found that the process is relatively uneconomical due to low yields [1] . This is particularly true for the YF vaccine virus produced in CEF at the cell densities normally used (1 × 10 6 cells/cm 2 ) where yield is directly related to seed virus input. Thus, the amount and cost of the seed virus necessary under these conditions is too high especially in light of the required monkey neurovirulence test needed for each seed lot.
To overcome the limited yields in the CEF cultures we investigated the consequences of cellular density at the time of viral infection on viral yields. The results of a typical experiment to test the effect of cell seeding density on the yield of YF 17DD virus from CEF using a constant moi of 0.002 24 h after cell seeding, are presented in Table 1 .
These results unequivocally demonstrate that the log 10 virus yield is inversely and linearly related to the log 10 concentration (r = 0.994, P < 0.001) of cells seeded in the range of 3 × 10 4 to 2 × 10 5 cells/cm 2 . In this range, a 2.2 log 10 increase in virus yield/mL is obtained for each log 10 decrease in the cell concentration. A concentration of 3 × 10 4 cells/cm 2 in which the maximal yield per milliliter was obtained, the yield per cell was 250 PFU/cell or approximately 400-fold more than that obtained at 2 × 10 5 cells/cm 2 . These results definitively demonstrate the infectious virus yield/mL and yield/cell are inversely related to the cell seeding density. Thus, efficient production can be established. We have tested two other YF 17D substrains, 17D-213 [16] and a complementary DNA-derived virus YFiv5.2/VL [17] and they behaved in the same manner (data not shown). In order to show reproducibility of YF 17DD virus propagation and yields in CEF cultures a total of 21 roller bottles with a surface area of 680 cm 2 each was used for each of the seven experimental batches. The batch size was calculated to provide enough volume to perform all laboratory and pre-clinical tests and eventually a phase I clinical trial. The yields are presented in Table 2 . Titers varied from 6.32 to 6.79 log 10 PFU/mL after the addition of stabilizer. Assuming a dose of 4.3 log 10 PFU the average batch size is approximately 400,000 doses of YF 17DD vaccine.
Thermostability analysis of YF 17DD virus
We have shown above that YF 17D vaccine virus production in primary CEF cultures is feasible from the production standpoint. We have next asked whether virus produced accordingly would also retain the thermostability properties characteristic and required for YF 17D vaccines produced in chicken embryos according to current manufacturing process. Table 3 shows the results of three different rounds of filling and freeze-drying using three batches of virus concentrate (5-7; Table 2 ) and two different formulations (5 and 50-dose vials).
According to the Requirements for Yellow Fever Vaccine [2] the freeze-dried vaccine shall not loose more than 1 log 10 PFU per dose and keep the titer higher than 1000 mouse LD 50 
Genetic stability
During the production process there is a tremendous amplification of viral RNA to form new viral particles allowing for selection of viruses with altered genomes [18] . Although Pugachev et al. [19] has recently suggested a high degree of genetic stability of YF virus under these conditions we have examined whether the propagation of the 17DD 102/84 seed lot virus in CEF led to the selection of any genetic variants. For this purpose we sequenced the genome of the YFCEF-03 ( Table 2 ) virus and of two viruses recovered from monkeys R5 and Q15 (see Table 6 ) which received YFCEF-03 virus in the MNVT. No nucleotide sequence differences were observed between the original 102/84 seed virus and the YFCEF-03 present in the virus suspension used for the i.c. inoculation of monkeys and the two viruses recovered from monkeys (R5 and Q15). The four viruses were identical even at positions known to be heterogeneous [13, 20] except for positions 9337, 9661 and 10,675 in which one or the other base already detected became the predominant nucleotide according to the virus considered (Table 4) . None of these heterogeneities led to amino acid changes.
Alterations in plaque size can also arise as a consequence of selection of viruses that harbor mutations. Therefore, we 
a Rice et al [14] . Fig. 1 . Plaque size analysis of YF 17DD virus. The 17DD viruses were plaqued on Vero cell monolayers (100,000 cells/cm 2 ). YF 17DD 102/84 virus corresponds to the working seed lot virus, YFCEF-03 is one of the vaccine batches produced in CEF; Q15 and R5 are viruses isolated from viremic monkeys which received YFCEF-03 virus; YFiv5.2/VL is a small plaque size virus derived from cloned cDNA (Marchevsky et al. [17] ). The total number of plaques that were measured to estimate the size is shown above the virus name. Size is displayed in centimeter. The values above are the average of three separate experiments.
have examined the plaque size phenotype as an additional evidence for the genetic stability of the virus passaged in primary CEF culture and monkeys. The YF 17DD virus has a heterogeneous, but predominantly large plaque phenotype in Vero cells (about 4.0 mm) whereas the cDNA-derived YFiv5.2/VL virus [17] produces significantly smaller plaques (mean of 1.5 mm; Fig. 1) . The virus present in the YFCEF-03 batch and the two viruses recovered from viremic monkeys retained the large plaque phenotype (Fig. 1 ) characteristic of YF 17DD virus.
Attenuation of the experimental virus
Mouse neurovirulence
Although there is no clear correlation between mouse neurovirulence and virulence or attenuation of YF viruses with clinical events in humans, it was relevant to demonstrate that the CEF-passaged 17DD virus approximates in neurovirulence to parental virus YF 17DD, mainly because YF 17D virus retains a certain degree of neurotropism and neurovirulence for mice and nonhuman primates inoculated by i.c. route [1] .
Groups of 3-week-old Swiss Webster mice were inoculated i.c. with serial dilutions of each virus. The mortality rate, average survival time and the ratio PFU/MLD 50 were established (Table 5 ). In general it was observed that the higher the dose, the higher the mortality rates reaching 80-100% (data not shown). Table 5 shows the data from the mice that received approximately 3.0 log 10 PFU. The mortality rates were: 80% for 17DD (AST of 9.9 days), 90% for YFCEF-03 virus (AST of 10.2 days), 100% for R5 (AST of 10.4 days) and 100% for Q15 (AST of 11.6 days).
Kaplan-Meyer survival curves and the log rank test showed that the difference of average survival times the 17DD group and the YF CEF03 was not statistically significant (p = 0.67). Since the distribution of data was skewed, the Kruskal-Wallis non-parametric test was used, and also suggested no significant difference (T = 4.89; p = 0.21). The differences in mortality rates among groups were not statistically significant, either (p = 0.27).
Monkey neurovirulence
To further confirm that the YF 17DD virus produced in CEF cultures did not undergo phenotypic changes as predicted from the nucleotide sequence data and retained its attenuation we carried out a full monkey neurovirulence test as recommended for YF 17D vaccine [2] . These results are shown in Tables 6 and 7 .
Febrile response
All animals inoculated i.c. developed fever equal or above 40.0 • C that lasted from 1 to 7 days (Table 6 ) with an average of 3 days/monkey for 102/84 virus and 3.4 days/monkey for YFCEF-03.
Viremia
The viremia detected in the sera of monkeys during the second, fourth and sixth days post inoculation is shown in Table 6 . Circulating virus could be detected in all animals inoculated with either virus. The total number of days of detectable viremia for animals inoculated with 102/84 virus was 16 with a mean peak titer of 1.93 log 10 PFU/mL. For YFCEF-03 virus, the number of viremic days was somewhat lower (10 days) and the mean peak titer was not significantly different (2.11 log 10 PFU/mL). The use of the nonparametric test of Kruskal-Wallis to analyze the difference between peak viremias for both groups failed to reveal any statistically significant difference (p = 0.23).
Clinical findings
Three animals (Q1, Q33 and Q49) inoculated with 17DD 102/84 seed virus developed at least 1 day of clinical encephalitis (grade 3) and the group mean was 0.43 (S.D. 0.41) ( Table 7) . Five animals that received YFCEF-03 developed grade 3 scores for at least 1 day (Q15, Q26, Q27, Q41 and R23) yielding a group mean of 0.83 (S.D. 0.71; Table 7 ). Although the means are very different, the non uniform dis- (Table 7) . No lesions were observed in liver, kidney, adrenals, heart, spleen or lungs (data not shown).
Histological findings All 20 rhesus monkeys inoculated i.c. with either virus developed histological lesions in the CNS
As proposed by Levenbook et al. [21] the target area in rhesus monkeys CNS for several vaccine viruses is the s. nigra. In this study, the s. nigra presented the highest histological scores for both viruses. Based on the individual values shown in Table 7 , 102/84 virus had an average score in this area of 1.55 with 1.95 for YFCEF-03 virus. In a total of 49 monkeys that underwent neurovirulence tests with 17DD 102/84 seed lot the average target area score was 1.52 (S.D. 0.55; [12] ). Among the discriminator areas in the CNS, the putamen, g. pallidus and n. caudatus were the areas most affected. Monkey Q46 inoculated with 102/84 virus did not show any specific neurological signs and presented grade 3 lesion on one hemisphere of the n. caudatus. Four monkeys (Q10, Q15, Q26 and Q41) inoculated with YFCEF-03 virus developed grade 3 lesions in the n. caudatus,putamen and g. pallidus (in at least one of these areas). Monkey Q15 died on day 14 post inoculation whereas all the others survived. Monkey Q10 showed no specific signs of encephalitis but monkeys Q26 and Q41 did for 3 and 8 days, respectively. Monkey Q15 showed grade 3 in both hemispheres of the s. nigra and several areas of the cervical and lumbar enlargements whereas monkey Q41 showed grade 4 lesions in one hemisphere of each of the three CNS structures (n. caudatus, putamen and g. pallidus). This animal was the only one from among 145 rhesus monkeys that our group has inoculated with 17D viruses that presented a discriminator area score higher than a target area score.
The average discriminator area score for 102/84 virus was 0.56 (S.D. 0.2) and 0.96 (S.D. 0.63) for YFCEF-03 virus. Histological examination of the target and discriminator areas provides a complete assessment of neurovirulence of the test product [21] . For 102/84 virus the score from discriminator plus target areas (combined score) was 1.05 and for YFCEF-03 virus it was 1.45. The values for the combined scores in five complete tests with 102/84 virus varied between 0.96 and 1.37 with an average of 1.07 [11] . We used the Mann-Whitney test to verify the significance of the difference between the means for the histological scores given the nonsymmetrical distribution of values. Such analyses, with or without monkey Q15, revealed no significant differences (p = 0.065 and 0.113, respectively). The behavior of the two Fig. 2 . Immunogenicity of 17DD-CEF virus in mice. Two groups of 16 mice each received a single dose of 5 log 10 PFU and were bled at various times (0-15-30 days). A third group with eight animals was mock infected with culture medium only. The pre-immune sera represent samples from two animals of each group (mock, 17DD vaccine and 17DD CEF). Neutralization titers were derived on individual serum for each animal except for the group receiving medium only (mock) for which the animal sera were pooled. The error bar represents confidence limits (95%).
viruses in the monkey neurovirulence test reached borderline level of statistical significance.
Immunogenicity
We compared the immunogenicity of the CEF culturepassaged 17DD virus and the 17DD vaccine produced in chick embryos by subcutaneous inoculation of mice and analysis of seroconversion by PRNT. As compared to the pre-immunisation values we observed an increase of PRNT titers of eight-fold for both YF 17DD and 17DD YFCEF-03 viruses at 30 days after immunization whereas 199 mediuminoculated mice did not display any neutralising antibodies to YF virus (Fig. 2) . At day 45, all three groups were challenged with 4000 PFU by the intracerebral route with the chicken embryo produced 17DD vaccine virus. The group that received medium showed a mortality of 83.3% (AST 9.83 ± 1.27) whereas all animals that received either the 17DD vaccine or YF CEF-03 virus were protected. These results further suggested the appropriate immunogenicity of the experimental CEF virus.
Although intracerebral inoculation of monkeys is not the preferred route to examine the immunogenicity of an experimental virus, the sera from monkeys that received the YF 17DD vaccine and YFCEF-03 viruses were analyzed for the presence of neutralizing antibodies. Table 6 shows that all 20 monkeys developed neutralizing antibodies to YF based on PRNT 50 assays. The titers varied from 14,125 mIU/mL to 38,019 for 102/84 virus (GMT 25,433) and from 12,882 to 138,038 mIU/mL for YFCEF-03 virus (GMT 51,226). This difference between the means of both groups was analysed by the t test which indicated borderline statistical significance (p = 0.06) but given that the data is assymetrical and variances are not homogeneous the nonparametric Kruskal-Wallis test was also used for the analysis. This test did not rejected the null hypothesis, that is, both groups are equal (p = 0.17).
Discussion
Development of a method to produce YF vaccine virus in tissue culture would help to improve our ability to efficiently manufacture this important product. Here we describe a highly efficient and economic process for production of YF 17DD virus in CEF cell culture. The process has been applied to the production of experimental vaccines from several substrains of 17D virus, including a virus derived from cloned complementary cDNA through infectious clone technology.
The process was established using YF 17DD 102/84 virus, our secondary seed lot that is currently being used for largescale human vaccine production. The experimental viruses produced in primary CEF cultures are, therefore, at the same passage level as the current vaccine. One key concern in the use of an alternative growth substrate for vaccine virus production is that genetic variants may be selected due to different pressure posed by this new cell system when compared to the environment in ovo. Although we felt that the probability of selecting a virulent derivative of YF 17DD in the course of a single passage cell culture was low we completely sequenced one of the experimental vaccine batches revealing no significant changes in the majority genetic population.
Another important aspect of selection of a vaccine growth substrate relates to yields. Table 8 shows a comparative analysis of yields in primary CEF cultures and chick embryos with regard to several parameters. The most important point of this table is that application of the CEF methodology results in the production of a much higher number of doses per egg. Together with the low consumption of working seed lot virus and the observed thermostability of the resulting product, it is evident that producing YF vaccines in CEF cultures is now feasible.
Using our CEF methodology, vaccine lots also contain less chicken embryo protein. YF 17D vaccine produced in CEF culture has a much lower concentration of protein (0.35 g/HD; Table 8 ) than the embryo-produced vaccine ( ∼ =25 g/HD). It is likely that the lower protein content of the CEF product will lead to less frequent adverse events due to allergic reactions. One key aspect for validating the CEF propagation procedure to allow it to replace the current methodology is to demonstrate that the CEF-produced virus retains the attenuation displayed by the secondary seed virus. In mice, the secondary seed virus and the experimental virus are indistinguishable. To further compare these viruses, we analyzed their phenotype by i.c. inoculation of 10 monkeys with each virus according to WHO guidelines.
These studies revealed that all monkey viremias were brief and low-level as indicated by mean peak titers and mean duration. The definition put forward by [22] of viscerotropism of 17D virus limits the amount of circulating virus to below 500 mouse LD 50 /0.03 mL for all (10 out of 10) sera and ≥100 LD 50 /0.03 mL in one out of 10 monkey sera at 1:10 dilution. In this regard, the highest viremia observed (2.80 log 10 PFU/mL for monkey Q27, inoculated with YFCEF-03 virus), corresponds to 3.78 LD 50 /0.03 mL, therefore well below the established limits. In addition, the range of titers we observed in our 20 monkeys were similar to those observed for rhesus monkeys inoculated with attenuated 17D/JE SA-14-14-2 and 17D-den2 chimeric viruses and YF 17D-204 virus [23] [24] [25] .
The use of the nonparametric Kruskal-Wallis test to analyze the difference between peak viremias for both groups failed to reveal any statistically significant difference (p = 0.23) suggesting the viruses replicate to the same extent in the monkey CNS.
This difference between the means of neutralizing antibody titers for monkeys inoculated with YF 17DD 102/84 or CEF03 was analyzed by the t test (p = 0.06) and the nonparametric Kruskal-Wallis (p = 0.17). Both failed to reveal any significant difference although the former suggests there may be a difference in their capability for eliciting antibodies.
The attenuation of YF 17D vaccine viruses is traditionally assessed from clinical evidence of encephalitis and by evaluation of histological lesions after intracerebral inoculation of 10 monkeys with an experimental vaccine virus and a characterized, safe 17D virus. According to WHO criteria [8] the mean clinical score of the monkeys injected with the experimental virus shall not exceed the mean clinical score of the monkeys that received the reference vaccine virus. The group mean score for our experimental YF CEF-03 virus was 0.83, almost twice as high as the 17DD 102/84 virus score of 0.43. The extreme variability of clinical scores among monkeys in both groups is indicated by the high values for the standard deviation. It must be noted that Marchevsky et al. [11] have found that clinical scores do have some variability from test to test with an interval of 0-0.58 (n = 49 animals). However, even when we have removed one animal (Q15) that produced particularly high clinical score from our YFCEF-03 analyses the mean clinical score for the YFCEF-03 experimental vaccine would still fall outside the interval established (0.65) suggesting a higher neurovirulence for this test virus. These differences, however, were not found to be statistically significant. A nonparametric test also failed to reveal a significant difference between the two groups (17DD 102/84 versus CEF 03; p = 0.15 or 0.25, with or without monkey Q15, respectively).
For the histological criterion of the neurotropism to be satisfied the mean combined score for monkeys that received the experimental preparation shall not be significantly greater (at the 5% significance level) than the overall mean score for the monkeys injected with the reference virus [2] . The frequency and severity of lesions were greater in animals which received the experimental YF vaccine (CEF03) than in those given the control vaccine (17DD 102/84). The averages for each virus were found to be different (t test; p = 0.037) suggesting a higher neurovirulence for the experimental virus. If the score for monkey Q15 is excluded the difference between the means is reduced to a borderline level of significance (p = 0.067).
Considering that a nonsymmetrical distribution of values was noted, a non-parametric test would be more appropriate to verify the significance of the difference between the means for the histological scores. Using the Mann-Whitney test with or without monkey Q15, the means for histological scores are not different (p = 0.065 and 0.113, respectively). Thus, we have concluded that the difference between the two viruses in the monkey neurovirulence test reached borderline level of statistical significance.
It is noteworthy that the viruses recovered from two monkeys (R5 and Q15) turned out to be genetically identical to the original 102/84 parental virus despite the difference in clinical manifestations observed during the MNVT.
It is important to underscore the limitations of genome analysis in this study. A limitation is that yellow fever 17DD vaccine is not biologically cloned, and is known to be a mixture of multiple sub-populations of virions reflecting the quasi species nature of flaviviruses. Molecular analysis results in a consensus sequence and is relatively insensitive for the demonstration of minority virus sub-populations. Only when present at a concentration of >10-20%, will such subpopulations be detected. It is generally accepted that selection of a mutation responsible for an increased virulence, leading to an exarcebated infection would result in the altered genotype being the majority species in the consensus sequence. A second assumption is that one or more amino acid changes would be required for a significant change in virulence, although it is theoretically possible that silent changes could alter secondary structure and biological properties of the virus.
A comparison of the nucleotide sequences for the secondary 17DD 102/84 seed, the YF CEF03 vaccine batch and the viruses recovered from the two monkeys revealed only heterogeneities, that is, two nucleotides were detected by sequencing. This suggests the coexistence of viral populations bearing one or the other nucleotide at that particular position. When a particular heterogeneity was not observed in one virus, one of the nucleotides of that heterogeneous posi-tion was always present none of which resulted in an amino acid change (Table 4) . Therefore, these variations cannot be considered mutations and related to the increased clinical and histological scores such as observed for monkey Q15.
It is noteworthy that cases of severe adverse events associated with the 17D vaccine have been reported [26] [27] [28] but the genetic make-up of each host was held responsible for such rare events as no genetic changes could be associated with the viruses [13] . It may be relevant to that usually one animal in each group of ten develops more severe forms of encephalitis following i.c. inoculation of YF 17DD 102/84 virus and that may also reflect individual factors. The frequency may be higher in this case due to the use of the intracerebral route.
As discussed above for the histological scores the averages for each virus 17DD 102/84 and 17DD CEF03 were found to be different. However, if the score for monkey Q15 was excluded the difference between the means is reduced to a borderline level of significance or no significance if a nonparametric test was used given the data assymetrical distribution. Therefore, the slightly higher neurovirulence score assigned to YF 17DD virus CEF03 may be a consequence of individual responses to the virus, in particular monkey Q15, which showed the highest clinical and histological scores. This view would be supported by the absence of significant nucleotide sequence alterations in the virus recovered from this animal.
The cell culture-derived vaccine is expected to significantly increase vaccine viral yields, thereby reducing costs. Although improvement of manufacture of 17D vaccine in cell culture has been a goal for many years previous attempts have failed because of alterations in the virulence phenotype during the passage in cell culture or poor yields due to in vitro interferon production [1] . We believe that the data shown here indicate it is possible to produce YF 17D virus in CEF cultures with yields compatible with large scale vaccine production. Our genetic and in vitro testing demonstrated the stability of the CEF-produced virus. Specifically, parameters such as plaque size, viremia and immunogenicity in monkeys and attenuation and immunogenicity for mice in addition to complete nucleotide sequence of the viral genome have suggested that the 17DD virus produced in CEF is indistinguishable from the original seed lot virus. However, the results from monkey neurovirulence tests indicated a somewhat higher monkey neurovirulence score. Since these findings could represent test-to-test variation, we feel that they warrant further studies on the attenuation for monkeys of 'other CEF-derived vaccine lots.
